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Introduction
Intensity-modulated radiotherapy (IMRT) is widely used to increase the radiation dose to the tumor while reducing the dose to the surrounding organs. For inverse optimization of treatment planning, assignment of the appropriate dose constraints and priorities is important and needs to be optimized for each individual case. Therefore, the skills and experience of the planner significantly affect the duration of treatment planning as well as the plan quality. 1, 2) Plan quality can be improved as planning time increases, but it then reaches a certain plateau, which may differ across planners; furthermore, it is difficult to assess whether a given plan is optimal. 3) To overcome such inter-planner variation in plan quality and to improve the efficiency of current treatment planning procedures, efforts have been made to generate high-quality plans automatically and objectively, on the basis of the existing high-quality treatment plans. [4] [5] [6] Using these methods, a model by which achievable dose-volume constraints for both the target and the organs at risk (OARs) can be predicted is created by learning dosimetric features from various geometric relationships between the target and the surrounding normal organs in previous treatment plans. The clinical efficacy of knowledge-based treatment planning (KBP), 7) also known as model-based treatment planning, has been demonstrated for many cancer sites, including liver cancer, 8) prostate cancer, 9) lung cancer, 10) pancreatic cancer, 11) and head and neck cancer. 12) One such commercially available KBP system is the RapidPlan of the Eclipse treatment planning system (Varian Medical Systems, Palo Alto, CA, USA).
Stereotactic body radiotherapy (SBRT) for spine metastases has mainly been conducted in patients with a longer life expectancy. 13, 14) However, the low tolerance of the spinal cord to radiation is often a factor limiting the delivery of a sufficient tumor cell-killing dose. 15) According to the Quantitative Analyses of Normal Tissue Effects in the Clinic, the radiation dose limit of the spinal cord is usually 50 Gy in conventional fractionated irradiation, 20 Gy in three fractions, and 10 Gy in a single fraction. 16) The prescription doses for spine SBRT are from 18 Gy in a single fraction to [24] [25] [26] [27] Gy in three fractions. 17) Spine SBRT has been delivered using linear accelerator-based methods of IMRT, To-moTherapy, and CyberKnife.
In most previous studies, KBP was focused on treatment plans with OARs in parallel rather than serial structures, and which overlapped with the target volume. However, the spinal cord is a representative serial organ where the high-dose region is more critical, while overall dose reduction is important in parallel organs. In addition, since the position of the spinal cord is usually located very close to the PTV and is sometimes surrounded by the PTV, most cases require a high-quality plan, which is technically very demanding. Therefore, in this study, we aimed to evaluate the clinical feasibility of using KBP in spine SBRT.
Materials and Methods

Contouring and treatment planning
Contouring was performed for 48 spinal metastases. For each patient the gross tumor volume (GTV) was contoured on a planning computed tomography scan, and the clinical target volume (CTV) was delineated according to the guidelines of the International Spine Radiosurgery Consortium (ISRC). 18 The baseline treatment plans, called the "expert plan" hereafter, were generated by experienced dosimetrists. In spine SBRT, VMAT with dual arc beams has been demonstrated to be an efficient technique, providing plan quality comparable with that of conventional IMRT. 19) Therefore, in this study, all plans were generated using VMAT with two 6-MV arc beams. The first arc rotated in a counterclockwise direction, from 179 to 181 degrees, with a collimator angle of 45 degrees, while the second arc rotated in the clockwise direction, from 181 to 179 degrees, with a collimator angle of 45 degrees. 
Knowledge-based planning
Model validation
The model was validated as follows:
1) Closed-loop validation
The 26 treatment plans that were used for training were re-optimized using the KBP-generated model. The KBPgenerated plans were compared with the expert plans to evaluate the reproducibility of the model.
2) Open-loop validation
The remaining 22 treatment plans that were not used for training were re-optimized using the KBP-predicted model.
The KBP-generated plans were compared with the expert treatment plans to evaluate the clinical applicability of the KBP plan ( Fig. 1 ).
RapidPlan-based treatment planning process
The RapidPlan treatment planning process was carried out as follows. The generated model was applied to a new 
Statistical analysis
To evaluate the target dose coverage and uniformity, the 
Results
Among the 48 patients, the tumor involved the cervical spine in 4 patients, thoracic spine in 36 patients, and lumbar spine in 8 patients. Only the spinal cord was considered as an OAR; therefore, we excluded the region be- (Table 3 ).
Discussion
The basic concept of KBP is to learn, from previous highquality plans, the achievable dose distributions by analyzing the geometric relationship between targets and OARs in these plans, and then to apply this knowledge to manage the quality of the treatment plan and to achieve a high level of plan quality, regardless of the experience of the treatment planners.
This geometric relationship is analyzed using the overlapping volume histogram (OVH) 5) and the distance to the target histogram (DTH). 21) In previous KBP studies on patients with pancreatic cancer, 11) prostate cancer, 5) lung cancer, 9) liver cancer, 8) and head and neck cancer, 22) the dose of the OAR could be reduced while maintaining the dose distribution to the target. However, there have been only a few studies on KBP for spine SBRT. decrease is likely to be more common. This is not an effective approach for serial organ, where reduction of the maximum dose is more important. To overcome this limitation, a normal tissue complication probability model 23) or generalized equivalent uniform dose 24) can be used, be- 
Conclusions
The dose coverage and uniformity for PTV was slightly worse in the KBP for spine SBRT while the dose to the spinal cord was reduced, but the differences were not clinically significant, demonstrating non-inferior plan quality.
Even less-skilled treatment planners can easily create clinically feasible treatment plans with the RapidPlan, which can mitigate the difficulty associated with designing treatment plans or the effect of the treatment planners' skill on plan quality.
